The objective of this paper is to investigate the capabilities of the Impedance Log method in profiling the geometry of a pile along its length. The main idea of this method is to introduce a transient stress wave into the pile and then utilize the reflected signals to obtain the impedance profile of the pile. Any anomaly, which results in changes in impedance, would be detected by this method. In this study, four model piles with plan defects of weak zone or neck were constructed and tested using Seismic Echo, Impulse Response, and Impedance Log pile integrity nondestructive testing methods. Results of these tests show that interpretation of signals using the Impedance Log method is more straightforward than the other two methods. It is concluded that the Impedance Log technique is a tool with high potential for evaluating the integrity of piles.
Introduction
During the past few decades, advances in construction technology and environmental requirement made drilled shafts a preferable choice over driven piles. Since drilled shafts are constructed on site, it does not easily allow for inspection of the shaft prior to and during placement of concrete. Engineers have concerned about the possibility of undetected construction defects in the shafts. Therefore, several nondestructive testing (NDT) techniques based on 1D wave propagation theory, such as Cross-hole Sonic Logging (CSL) [1] ; Seismic Echo (SE) [2] ; and Impulse Response (IR) [3] methods, were developed to access the integrity of drilled shafts. Although these NDT methods already became a standard procedure and adapted by organizations such as ASTM [4] , many practitioners still have difficulties in interpreting test results when encountering nonuniform material properties or 3D effects [5] . In the last decade, a relatively new method, the Impedance Log (IL) method was proposed [6, 7] . The main capability of this method is to recover the changes of the cross-sectional area of the pile by obtaining its impedance as a function of the distance from the pile head. This is indeed the major purpose that a pile integrity NDT technique is intended to achieve. However, research results related to this method, either of a theoretical or an experimental nature, are still scarce [8] . Consequently, it became necessary to perform more study on piles with known defects to access the capabilities of the newly developed method.
Background of Surface Reflection Methods
Of the pile integrity NDT techniques mentioned above, the SE, IR and IL methods are classified as surface reflection method because they all study the reflected wave measured on the pile head. The advantage of these three methods over the direct transmission CSL method is that they do not require preinstall access tubes inside the piles to perform the test. As shown schematically in Fig. 1 , all three methods involve impacting the top of a pile with a hammer to introduce a downward traveling transient stress wave. When the stress wave reaches a defect, such as a neck or a bulge, or the bottom of the pile, it is than reflected back to the pile head and can be recorded by a receiver.
The SE method requires only the particle response history to perform integrity analysis. An idealized velocity waveform of the pile shown in Fig. 1 which contains a bulge and a neck is illustrated in Fig. 2 . The location of defects or bottom of the pile can be determined from the relative amplitude change in the velocity waveform.
For the IR method, the impact force and the particle velocity response must be both measured versus time. These two time histories are then transformed to the frequency domain using the Fast Fourier Transform (FFT). The mechanical admittance (or mobility) of the pile is defined as the ratio of the amplitudes of the particle velocity and the force in the frequency domain. From the repeated pattern in the mobility curve one can usually find the existence of defects or bottom as shown in Fig. 3 .
In addition to the tested mobility curve, the IL method needs to further generate a theoretical curve of a fictitious pile, which has the same diameter as the tested pile but is free of defect and infinitely long. A new mobility curve that contains only the effect of reflections from defects and from the end of the pile can then be obtained by subtracting the experimental and theoretical mobility curves. An inverse FFT is performed on the new curve to obtain the relative reflectogram. Finally, the reflectogram is integrated over time and scaled to get the impedance profile as shown in Fig. 4 .
Ideally, these methods should be able to detect the locations of defects or bottom of a pile. However, non-uniform properties of concrete and 3D effects may cause problems in identifying the testing signal as discussed in the later sections.
Testing Program
Two types of construction defects are often encountered in a drilled shaft -necking caused by collapsing of the bore hole and weak zone induced by segregation of concrete. In order to evaluate the ability of the three NDT methods in detecting these defects, four 3 meters long, 0.3-m in diameter concrete model piles as shown in Fig. 5 were constructed. Among these four piles, pile P1 is an intact pile. Pile P2 contains a 10cm-long, 2-cm deep necking at a distance of 1.2 meter below the pile head. Pile P3 contains a 10-cm-thick weak zone (compressive wave velocity, C p , of this poor quality concrete is about 80% of the normal value) also at 1.2 meter below the pile head. Pile P4 contains two 10cm-long necking defects. The first necking is 2-cm deep, while the depth of the second necking is 3-cm. All these four model piles were tested using the SE, IR, and IL nondestructive testing techniques. 
Test Results
Seismic Echo Method. The velocity waveforms recorded at the head of the four piles from the SE test are shown in Figs. 6a -6d . For the intact pile (P1), the stress wave reflected from the bottom of the pile (circled in Fig. 6a ) can easily be identified. For the two piles contain single defect (P2 and P3), signal reflected from the defect (boxed in Figs. 6b and 6c) , as well as signal reflected from the bottom (circled) can both be identified. However, there are also reflected signals induced by material non-uniformity or 3D effects, shown as question marks in Figs. 6b and 6c , maybe misidentified as defects. On the other hand, for the pile contains double necking defects (P4), only the signal reflected from the bottom of the pile can be identified. Signals reflected from the two defects were all mixed together, thus increase the difficulty in identifying them (Fig. 6d) . Impulse Response Method. The mobility spectra of the four piles from the IR test are shown in Figs. 7a to 7d, respectively. For the intact pile (P1), the periodical event of stress wave reflected from the bottom can be seen as shown in Fig. 7a . For the two piles contain single defect (P2 and P3), both the periodical events of defect and bottom can be seen ( Fig. 7b and 7c ). For the double necking pile (P4), only the periodical events of the bottom and the first necking defect can be identified as shown in Fig. 7d . It should be noted that identification of these periodical events requires some experience with the IR test. Furthermore, the IR method and the SE method can only obtain information about the location of a defect, but not the magnitude of the defect. Impedance Log Method. The Impedance profiles of the four model piles from the IL test are shown in Figs. 8a to 8d. For the intact pile P1, the IL method can obtain the exact profile of this model pile (Fig. 8a) .
For piles P2 and P3 that contain single defect, except for a little lag, the impedance profiles from the IL test are very similar to the actual geometry of the two piles ( Figs. 8b and 8c) . Even for the pile with double necking defects (P4), the impedance profiles from the IL test are still very close to the actual geometry except for the little delay. Furthermore, the magnitude of defect, express in the form of change in impedance can also be determined by the IL method. In comparison to the SE and the IR methods mentioned above, interpretation of the test results from the IL method is much straight forward and requires a lot less experience, especially for piles with multiple defects 
Summary and Conclusion
In this paper the backgrounds of three common surface reflection pile integrity NDT techniques were presented and results of a series of tests on model piles were shown to demonstrate the capability of these three methods in recovering the construction defects often encountered in drilled shafts. Based on the results of this study, the following conclusions can be made: 1. The traditional Sonic Echo and Impulse Response pile integrity testing methods can only detect the location of single defect or bottom of the piles. Furthermore, interpretation of signal from these two tests requires some experience. 2. The Impedance Log method not only can detect the location of defects but also show the magnitude of defects. However, it still can not distinguish whether the defects are induced by change in geometry or in material properties. 3. Interpretation of signals using the Impedance Log method is more straightforward and requires less experience, especially for piles with multiple defects. It is thus concluded that the Impedance Log method is a tool with high potential for evaluating the integrity of piles. 
